Synthesis and investigation of new donor-acceptor conjugated N-(5-arylazothiazol-2-yl)-2-aminothiophene derivatives with the aim to elucidate the contribution of their interaction with solvent molecules upon intramolecular charge transfer for their potential solar cells application is reported. The UV-visible and emission spectra measurements indicated that the properties of the synthesized dyes had a significant effect on the visible absorption and emission maxima. The effect of the donor and acceptor groups were studied for the nonlinearity based on their HOMO-LUMO band gap energy. The dye-sensitized solar cells (DSSCs) were assembled by using the newly synthesized aryl thiazolyl-thiophene dyes as sensitizers. The promising results of J SC (2.46 × 10 -2 and 4.07 × 10 -2 mA/cm 2 ), the V OC (0.429 V and 0.426 V) and the FF (0.66 %) values obtained compared to other organic and natural sensitizer were due to the better interaction between the carboxyl and carbonyl groups of aryl azo molecule attached to the thiazolyl nucleus and the surface of TiO 2 porous film.
Introduction
Organic dyes exhibit many advantages as an alternative to the noble metal complex sensitizers, as the molecular structures of organic dyes are in diverse form and can be easily designed and synthesized. The organic dyes are superior to noble metal complexes regarding the cost, environmental issues and the high molar extinction coefficients of organic dyes are making them attractive for thin film and solid-state dye sensitized solar cells (DSSCs). For example, they exhibit higher efficiencies compared with that of Ru complexes in p-type DSSCs. 1 Generally, donorπ-bridge-acceptor (D-π-a) structure is the common character of these organic dyes and with this construction, it is easy to design new dye structures, extend the absorption spectra, adjust the highest occupied molecular orbital (HOMO), the lowest unoccupied molecular orbital (LU-MO) levels and complete the intramolecular charge separation. When a dye absorbs light, intramolecular charge transfer occurs from accepting subunit (A) to donating subunit (D) through the π-bridge. For n-type DSSCs, the excited dye injects the electron into the conduction band of the semiconductor via the electron acceptor group A. 2 However, in p-type DSSCs, the excited dye captures the electron from the valence band of the semiconductor to complete the interfacial charge transfer. Many efforts have been made to change the different parts of organic dyes to optimize DSSCs performance. To date, hundreds of n-type organic dyes including coumarin, indoline, tetrahydroquinoline, triarylamine, heteroanthracene, carbazole, N,Ndialkylaniline, hemicyanine and oligothiophene dyes have been adopted to act as sensitizers for DSSCs and have obtained impressive efficiencies. 3 developed in recent years. [4] [5] [6] [7] Zhai and co-workers reported on oligothiophene dyes for DSSCs with an efficiency value of 3.4%. 8 Subsequently, Otsubo, Harima, and co-workers further developed the oligothiophene sensitizers through adjusting the number of thiophenes and introducing alkyl chains into the corresponding thiophene frameworks. 9 However, the efficiency values of oligothiophene dyes were not improved due to dye aggregation caused by strong intermolecular π-conjugated interactions. 9 In the past years, much attention has been paid to organic nonlinear optical materials (NLO) due to their promising application in optoelectronics technology, large nonlinear response, extremely fast switching time and convenient optimization routes through molecular engineering compared to the currently studied inorganic materials. [10] [11] [12] [13] Thiophene derivatives are versatile building blocks for the synthesis of donor-acceptor substituted πconjugated systems for several optical applications. Recently, the synthesis of novel formyl π-conjugated systems (bithiophenes, 14 oligothiophenes, 15 arylthiophenes 16 and arylbithiophenes 17 ) has been reported through several methods of synthesis such as cross-coupling reactions (Stille, 15 Suzuki 16,17 ), metalation followed by quenching with DMF, 14 Vilsmeier-Haack formylation 18 and Vilsmeier-Haack Arnold reactions. 17 In the light of the previously mentioned literature, we decided to synthesize new N-(5-arylazothiazol-2-yl)-2-aminothiophene dyes to characterize their electrochemical properties and their viability in solar cells and nonlinear optical materials applications. In addition, the effect of increasing conjugation through the addition of thiophene unit and its influence on the optical and redox properties has been investigated.
Experimental

1. Materials and Methods
1. 1. Chemicals and Reagents
All the chemicals and solvents used in this study were obtained from Merck (Germany) and Sigma-Aldrich chemical company (Germany).
1. Instrumentation
Melting points of the synthesized compounds were determined in open-glass capillaries on Stuart-SMP20 melting point apparatus (Bibby Scientific Limited, Staffordshire, UK) and are uncorrected. Elemental analyses (C, H, N) were conducted using the Perkin-Elmer 2400 Analyzer, series II (Perkin Elmer Co., Shelton, UK), the results were found to be in good agreement (± 0.3 %) with the calculated values. The infrared spectra were recorded on a Perkin Elmer Alpha platinum-ATR spectrometer, and the 1 H NMR, 13 C NMR spectra were measured on a Bruker WP 300 (Bruker, MA, USA) in dimethyl sulfoxide (DMSO-d 6 ) using tetramethylsilane (TMS) as an internal standard. The 1 H NMR chemical shifts were reported as parts per million (ppm) downfield from tetramethylsilane (TMS). The splitting patterns are designated as follows; s, singlet; d, doublet; m, multiplet. Mass spectra were recorded on GC-MS spectrometer (Shimadzu Qp-2010 Plus, Kyoto, Japan). UV-visible spectra were measured using Perkin Elmer spectrometer (Perkin Elmer Co., Shelton, UK). Cyclic voltammetry measurements were made using a conventional three electrode cell configuration linked to an EG and G model 283 Potentiostat. The platinum electrode surface was 7.85 × 10 -3 cm 2 as a working electrode, coiled platinum wire as a counter electrode and saturated Ag/AgCl as a reference electrode. The potential was calculated relative to the Ag/AgCl reference electrode at 25 °C and with 0.1 mol/L tetraethyl ammonium chloride (TEACl) as background electrolyte. Cyclic voltammograms were recorded after background subtraction and IR compensation to minimize double-layer charging current and solution resistance. The working electrode was polished on a polisher Ecomet grinder. Cyclic voltammetric data were obtained at scan rate ranging from 0.02 to 5 V/s in non-aqueous media at (25 ± 2) °C. All working solutions were thoroughly degassed with oxygen free nitrogen, and a nitrogen atmosphere was maintained above the solution throughout experimental studies. All of the microanalyses and spectral analyses were performed at the Micro Analytical Centres of Taif (CHN, IR, UV-Visible spectra and cyclic voltammetry) and King Abdel-Aziz University ( 1 H NMR analysis), Saudi Arabia and Micro Analytical Center, Mansoura University (Mass spectra), Egypt.
Computation
All the ab initio DFT calculations were performed with the program package DMol 3 in Materials Studio (Version 7.0) of Accelrys Inc., on personal computers. In the DMol 3 method, 19 the physical wave functions are expanded in terms of accurate numerical basis sets. We used a double-numeric quality basis set with polarization functions (DNP). The size of the DNP basis set is comparable to Gaussian 6-31G, ** but the DNP is more accurate than the same size Gaussian basis set. 20 AER, all electrons with scalar relativistic correction, 21 was used as the treatment for core electrons. The generalized gradient-corrected (GGA) function by Perdew, Barke, and Ernzerhof (PBE) was employed. 22 A Fermi smearing of 0.002 hartree (Ha) (1 Ha = 27.2114 eV) and a global orbital cutoff of 5.5 Å were used to improve computational performance.
3. Fabrication of the Dye-sensitized Solar Cells (DSSCs)
The TiO 2 electrodes were prepared, rinsed with water and ethanol, sintered at 500 °C for 30 min and exposed to an O 2 plasma with the guide of the reported techniques. 23, 24 Then they were immersed into a 0.5 mM photosensitizer solution (ethanol) containing synthesized compounds 5a or 5b, for 24 hrs at room temperature. Pt-counter electrodes were prepared by placing a drop of an H 2 PtCl 6 solution (2 mg Pt in 1 mL ethanol) on the fluorine doped tin oxide (FTO) glass and heating it (at 400 °C) for 15 min. The dye-adsorbed TiO 2 electrodes and the Pt counter electrodes were assembled into a sealed sandwichtype cell by heating at 80 °C, using a hot-melt ionomer film Surlyn (Solaronix) as a spacer between the electrodes. A drop of the electrolyte solution was placed in the drilled hole of the counter electrode and was driven into the cell via vacuum backfilling. Finally, the hole was sealed using additional Surlyn and a cover glass (0.1 mm thickness). Both the photosensitizer-adsorbed TiO 2 electrode and the Pt-counter electrode were sealed with 60 mm thick Surlyn (Solaronix).
4. Synthesis
4. 1. Synthesis of 5-arylazo-2-aminothiazole Derivatives 3a and 3b:
A hydrochloric acid solution (3 mL) of ethyl 4-aminobenzoic acid 2a or 4-aminoacetophenone 2b (0.01 mol, 1.37 or 1.35 g respectively) and an aqueous solution (5 mL) of sodium nitrite (0.01 mol, 0.69 g) were mixed and stirred at 0 °C for 30 minutes. The prepared diazonium salt was added to ethanolic solution (20 mL) of the coupling component 2-aminothiazole 1 (0.01mol, 1 g) containing sodium acetate (3 g) and continued stirring at 0 °C for 2 hrs. The resulting product was filtered and washed with water, dried, and recrystallized from ethanol.
5-(4-Carboxyphenylazo)-2-aminothiazole (3a):
Reddish brown solid, yield: 81%; mp 183-185 °C. IR (ν -/cm -1 ): 3368, 3236 (NH 2 ), 2850-3000 (OH), 1685 (C=O). 1 
5-(4-Acetylphenylazo)-2-aminothiazole (3b):
Brown solid, yield: 73%; mp 243 °C. IR (ν -/cm -1 ): 3358, 3244 (NH 2 ), 1668 (C=O). 1 
4. Synthesis of 2-(N-acetylamino)-5-(arylazo)thiazole Derivatives 4a and 4b:
A mixture of 5-arylazo-2-aminothiazole 3a or 3b (0.005 mol) and acetic anhydride (5 mL) was heated on a water bath at 100 °C for 2 hrs. The reaction mixture allowed to cool at room temperature and then recrystallized from ethanol to obtain the corresponding 2-(N-acetylamino)-5-(arylazo)-thiazole derivatives 4a or 4b.
2-(N-Acetylamino)-5-(4-carboxyphenylazo)-thiazole (4a):
Reddish brown solid, yield: 66%; mp 212-213 °C. IR (ν -/cm -1 ): 3186 (NH), 2850-3000 (OH), 1681 (broad, C=O). 1 
2-(N-Acetylamino)-5-(4-acetylphenylazo)-thiazole (4b):
Brown solid, yield: 52%; mp 282-283 °C. IR (ν -/cm -1 ): 3164 (NH), 1682 (C=O), 1665 (C=O). 1 
4. 3. Synthesis of 2-Amino-4-(arylazothiazol-2-yl)amino-thiophene Derivatives 5a and 5b:
Three component reaction mixture, 2-(N-acetylamino)-5-(arylazo)-thiazole derivative 4a or 4b (0.005 mol), sulphur element (0.005 mol, 0.16 g) and acetonitrile (0.005 mol, 0.22 g) underwent Gewald reaction by refluxing for 3 hrs in dimethyl formamide (DMF) as a solvent and four drops of morpholine as a base catalyst. The solid products were collected, filtered, dried and recrystalized from ethanol to obtain the corresponding aryl azo thiazolyl-thiophene derivatives 5a or 5b.
2-Amino-4-(5-p-carboxyphenylazothiazol-2-yl)aminothiophene (5a):
Reddish brown solid, yield: 44%; mp 243-244 °C; IR (ν -/cm -1 ): 3326, 3258, 3184 (NH 2 and NH), 2850-3000 (OH), 1680 (C=O). 1 
2-Amino-4-(5-p-acetylphenylazothiazol-2-yl)aminothiophene (5b):
Yellowish brown solid, yield: 52%; mp 213-214 °C; IR (ν -/cm -1 ): 3354, 3271, 3149 (NH 2 and NH), 1663 (C=O). 1 13 
Results and Discussion
1. Chemistry
To accomplish and attend our plan of the synthesis of 2-amino-4-(5-arylazothiazol-2-yl)aminothiophene derivatives 5a and 5b for solar cell and nonlinear optical materials applications, we have performed a two-step synthesis. Firstly, coupling of 2-aminothiazole 1 with aromatic diazonium salts of 4-aminobenzoic acid 2a and 4-aminoacetophenone 2b in presence of sodium acetate and ethanol afforded the corresponding 2-amino-5-arylazo-thiazole derivatives 3a and 3b. Free solvent acetylation of the 5-arylazo-2-aminothizole derivatives 3a and 3b using acetic anhydride under mild conditions yielded the corresponding 2-(N-acetylamino)-5-(arylazo)-thiazole derivatives 4a and 4b respectively as shown in Scheme 1.
Secondly, the three component reaction mixture of 2-(N-acetylamino)-5-(arylazo)-thiazolederivatives 4a and/ or 4b, sulphur element and acetonitrile underwent Gewald synthesis in DMF and morpholine as a base catalyst, yielded the target products 2-amino-4-(arylazothiazol-2-yl)amino-thiophene 5a and 5b respectively as shown in Scheme 2.
The chemical structures of 2-amino-4-(arylazothiazol-2-yl)amino-thiophene derivatives 5a and 5b were established on the basis of their elemental analysis and spectral data. The IR spectrum of compound 5b as an example showed characteristic absorption bands at 3354, 3271 cm -1 for the NH 2 group, strong absorption band at 3149 cm -1 for the NH stretching and band at 1663 cm -1 corresponding to the carbonyl group (C=O). The 1 H NMR spectrum of 5b exhibited singlet signal at δ = 2.50 ppm for three protons (COCH 3 ), three singlet signals at δ = 5.30, 5.55, 7.00 ppm corresponding to the thiophene C 5 -H, thiophene C 3 -H and thiazole C 4 -H protons, respectively. The two doublet signals at δ = 7.45 and 7.80 ppm was attributed to the aromatic protons while the highly deshielded NH 2 and NH protons appeared at δ = 8.15 and 11.35 ppm. The mass spectrum of the same compound showed molecular ion peak at m/z = 344 (M + + H, 100) which in agreement with molecular formula C 15 H 13 N 5 OS 2 + 1. Figures 1a,b show the UV-Visible absorption spectra of the two synthesized monoazo dyes 5a and 5b in chloroform and DMSO solutions, respectively. The spectra were studied at the range 300 to 650 nm at room temperature and were influenced by the structure of the electron donor-acceptor system, where the maximum absorbance wavelength (λ max ) and the cut-off edge wavelength (λ cut-off ) were affected by the conjugation length and donor strength. Compound 5b has a stronger acceptor keto group than the carboxylate chromophore of 5a and thus it absorbs at higher wavelength. Therefore, these synthesized azo dyes could be used for solar cells since the absorption spectrum of the donor-π-acceptor could be extended towards longer wavelength by effective intramolecular charge transfer between donor and acceptor moieties. Meanwhile, the energy levels could be tuned by incorporating different electron donating and/or accepting groups and even the π bridge. 
2. Energy States of Nonlinear Optical Compounds
2. 1. Absorption Spectra Analysis
2. 2. Electrochemical Analysis of the Nonlinear Optical Compounds
Electrochemical analysis was performed to determine the redox potentials using cyclic voltammetry technique to estimate the energy levels of the organic nonlinear optical compounds. The oxidation process corresponds to the removal of electron from the highest occupied molecular orbital (HOMO), whereas the reduction process corresponds to the lowest unoccupied molecular orbital (LU-MO) being filled by electrons, and were determined by cyclic voltammetric measurements. 25 The HOMO energy levels were calculated from the onset oxidation potential of cyclic voltammograms. The oxidation and reduction potentials are closely related to the energies of the HOMO and LUMO levels of the two organic NLO compounds 5a and 5b indicating important information regarding the magnitude of the energy gap of the two compounds. Figures 2a,b show the cyclic voltammograms interpretation for compounds 5a and 5b in acetonitrile respectively, where, they appear to have a single reversible oxidative wave in a positive energy and another an irreversible reductive peak in a negative energy. The energy difference between HOMO and LUMO energy levels, normally called the HOMO-LUMO gap, could be estimated from the oxidation reduction potentials measurements. Estimation was performed in term of the optical energy gap of the absorption edge of the electronic spectrum. Thus, the HOMO-LUMO energy band gap in each compound was determined after combining the cyclic voltammetry and the electronic spectrum data. The results including the spectroscopic measurements data were collected in Table 1 , exhibiting the small cathodic shift in the oxidation and reduction peaks of the chromophore 5b due to presence of its stronger acceptor.
2. Microscopic Nonlinearities of the Synthesized mono azo Derivatives 5a and 5b:
Obviously, to have strong second-order NLO properties, the compound must possess a large first-order mo-lecular hyperpolarizability (β). 26 Therefore, the dipole moment (μ) and molecular hyperpolarizabilites (β) of the two compounds 5a and 5b were calculated and tabulated in Table 2 , showing that compound 5b has a higher firstorder molecular hyperpolarizability (β) and a higher microscopic nonlinearity (μβ(0)) that is explained by the lowest transition state.
Molecular Orbital Calculations
To gain insight on the electronic structure and optical properties of the organic synthesized dyes 5a and 5b, the electronic distributions between the HOMO and LU-MO calculated with DMol 3 are illustrated in Figure 3 . It indicates a pronounced intermolecular charge separation. The HOMO is delocalized over the π system with the highest electron density centered at the central nitrogen atoms and the LUMO is located in anchoring groups through the π bridge. The LUMO orientation over the ac- ceptor group will be favorable towards the electron injection, assuming similar molecular orbital distribution when the dyes are attached to TiO 2 .
4. Photovoltaic Performance of the DSSCs Fabricated from Dyes 5a and 5b.
The photovoltaic performance of the DSSCs 5a and 5b was measured and summarized in Table 3 and Figure 4 , where the replacement of the carboxylic group in dye 5a by a keto group in dye 5b resulted in broadening the visible absorption spectrum which may be responsible for better photovoltaic performance; J sc of 5b is approximately doubled value compared to 5a. 27 On the other hand, the increase of the overall conversion efficiency of the DSSC (η) 5b to double value that of 5a can be ascribed to the better donating ability of this dye compared to dye 5a. The promising results; J SC values (2.46 × 10 -2 and 4.07 × 10 -2 mA/cm 2 ), the V OC values (0.429 V and 0.426 V) and the fill factor value (FF = 0.66 %) compared with other organic and natural sensitizer were due to the better interaction between the carboxyl and carbonyl groups of aryl azo molecule attached to the thiazolyl nucleus and the surface of TiO 2 porous film. 28, 29 versatile Gewald synthesis from the active derivatives of 2amino-5-aryl mono azo thiazole and then investigated for their potential for solar cell and non-linear optics applications. The spectroscopy and electrochemical analysis have confirmed that the keto acceptor of dye 5b was a relatively stronger acceptor and enhanced the microscopic nonlinearity compared to the carboxylate one in dye 5a. This finding was supported by the data measured and calculated of HOMO-LUMO band gap energy. On the other hand, the bathochromic shift in DMSO indicated a good charge transfer between donor and acceptor, which enabled these newly synthesized mono azo thiazolyl-thiophene dyes to be applied in solar cells. Further improvement in the properties of the obtained compounds could be achieved later on, by increasing the conjugation, introducing stronger accepting and donating functional groups and increasing the planarity of the system using Triple Bond Bridge. 
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Conclusion
The N-(5-arylazothiazol-2-yl)-2-aminothiophene dyes 5a and 5b were successfully synthesized using the 
